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Abstract
When retrieving atmospheric parameters from radiance spectra, the forward modelling of radiative transfer
through the Earth’s atmosphere plays a key role, since inappropriate modelling directly maps on to the retrieved state parameters. In the context of pre-launch activities of the Michelson Interferometer for Passive
Atmospheric Sounding (MIPAS) experiment, which is a high resolution limb emission sounder for measurement of atmospheric composition and temperature, =ve scienti=c groups intercompared their forward models
within the framework of the Advanced MIPAS Level 2 Data Analysis (AMIL2DA) project. These forward
models have been developed, or, in certain respects, adapted in order to be used as part of the groups’ MIPAS
data processing. The following functionalities have been assessed: the calculation of line strengths including
non-local thermodynamic equilibrium, the evaluation of the spectral line shape, application of chi-factors and
semi-empirical continua, the interpolation of pre-tabulated absorption cross sections in pressure and temperature, line coupling, atmospheric ray tracing, the integration of the radiative transfer equation through an
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inhomogeneous atmosphere, the convolution of monochromatic spectra with an instrument line shape function,
and the integration of the incoming radiances over the instrument =eld of view.
? 2003 Elsevier Science Ltd. All rights reserved.
Keywords: Infrared radiative transfer; Forward problem; Line-by-line modelling

1. Introduction
The Michelson Interferometer for Passive Atmospheric Sounding (MIPAS) [1–3] on the Envisat Earth observation satellite developed by the European Space Agency (ESA) is a mid-infrared
limb emission sounder which provides vertical pro=les of atmospheric species relevant to several
inter-linked problems in ozone chemistry and global change. Routine data analysis under ESA responsibility covers only six the so-called key species (H2 O, O3 , N2 O, CH4 , HNO3 , NO2 ) as well as
pressure and temperature. The MIPAS data, however, contain much more information on further atmospheric trace species of very high scienti=c value. Thus, exploitation of MIPAS data with respect
to (a) the retrieval of many more species relevant to atmospheric research such as the complete
nitrogen family, chlorine source gases and reservoirs, greenhouse gases, ozone precursors, aerosols,
etc., and (b) the retrieval of key species abundance pro=les by methods of higher sophistication than
aMordable under near real time processing constraints are of high interest for better understanding
of ozone chemistry and global change. In order to support the development and characterization
of methods and tools for this extended analysis of MIPAS data, the project AMIL2DA (Advanced
MIPAS Level 2 Data Analysis) has been initiated.
When atmospheric parameters are retrieved from atmospheric radiance spectra, accurate forward
modelling of radiative transfer through the Earth’s atmosphere is of particular importance, since
forward modelling errors directly map on to the retrieved quantities. Intercomparison studies are
a standard approach to assess the reliability of radiative transfer models [4–6]. Hence, a major
component of the AMIL2DA project is the comparison of the radiative transfer (forward) models
used by each group for their retrievals.
2. Theory
Disregarding scattering, which is justi=ed in many applications of infrared remote sensing, the
monochromatic radiative transfer equation [7] can be written as
 lobs
@ (lobs ; l)
L = L0;   (lobs ; 0) +
dl;
(1)
J (T (l))
@l
l=0
where L is spectral radiance at wavenumber  at the location of the observer lobs ; L0 is background
radiance (assumed zero in this intercomparison experiment), l is the path coordinate,  (l1 ; l2 ) is
the spectral transmittance between two locations l1 and l2 , and J is the source function, which
under conditions of local thermodynamic equilibrium (LTE) depends on kinetic temperature T and
frequency, while in non-LTE it depends on state distributions of all involved emitters. The path l,
along which the integration is performed, is not a straight line, but, due to wavenumber-dependent
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refraction [8], bends towards the Earth. The spectral transmittance  (l; l − dl) along a path element
dl is calculated according to Beer’s law as



(2)
 (l; l − dl) = exp(− (l; l − dl)) = exp −
g;  (l) g (l) dl ;
g

where (l; l − dl) is the optical depth of path element dl; g;  is the absorption cross section of
species g at the spectral position , which is composed of the contribution of each transition and g
is the number density of species g.
The path l along which Eq. (1) is integrated is determined by the observer position, the viewing
angle, and atmospheric refraction. Eq. (1) is either integrated directly by application of a quadrature
scheme, or it is solved following the Curtis–Godson [9–12] approach, where layer-related slant path
column amounts ug; l

ug; l =
(3)
g (l) dl
l

and mass-weighted layer mean values pCG and TCG of pressure and temperature

g (l)p(l) dl
pCG; g = l
ug; l
and


TCG; g =

l

g (l)T (l) dl

ug; l

(4)

(5)

are used. Each layer l is characterized by its slant path column amounts ug; l and representative
state parameters pCG; g and TCG; g which are assumed to be constant within the layers. Use of the
Curtis–Godson approach allows relatively long sections of the slant path to be spectrally modelled
as an homogeneous path, thus saving on the total number of spectral calculations required.
Resulting spectrally high-resolved radiances (so-called “monochromatic” spectra) are then convolved with the instrument line shape (ILS). The radiance =eld is convolved with the instrument
=eld of view (FOV). Both these steps are necessary to make simulated spectra comparable to real
measurements recorded by a non-ideal spectrometer of =nite spectral resolution and =nite =eld of
view. In theory, the non-in=nitesimal inhomogeneously illuminated =eld of view of an interferometer
leads to a dependence of the ILS from the actual radiance =eld, which implies that ILS and FOV
should be treated in one single step. For practical applications, however, ILS and FOV convolution
are often regarded as independent from each other and thus are performed sequentially in an arbitrary
order, depending on the architecture of the particular radiative transfer code.
3. The models
Five groups participated in this intercomparison experiment, each with their own line-by-line radiative transfer model: The Karlsruhe Optimized and Precise Radiative transfer code (KOPRA) [13,14]
of the Forschungszentrum Karlsruhe, the Reference Forward Model (RFM) of Oxford University
(http://www.atm.ox.ac.uk/RFM/), a direct integration radiative transfer code by DLR (MIRART,
Modular Infrared Atmospheric Radiative Transfer [15]), the Optimized Forward Model (OFM) by
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IFAC (formerly IROE) [16], an enhanced version of the OFM, labelled IROE1, and a radiative
transfer code by Rutherford Appleton Laboratory, called FM2D.
3.1. The Karlsruhe optimized and precise radiative transfer algorithm (KOPRA)
The Karlsruhe Optimized and Precise Radiative Transfer Model (KOPRA) is a line-by-line,
layer-by-layer model for forward calculation of infrared atmospheric transmittance and radiance spectra for various geometries [13]. Three-dimensional ray tracing for a non-spherical Earth is supported
by means of the tangential displacement method [17]. Horizontal inhomogeneities of atmospheric
state parameters are linearly approximated by their horizontal gradients. The full three-dimensional
treatment of the atmosphere is supported. The hydrostatic constraint can optionally be applied to the
input atmospheric data.
The line-by-line calculation of absorption cross sections relies on an optimized implementation
[18] of the Humlicek complex error function algorithm [19]. Whenever justi=ed with respect to
the user-de=ned accuracy parameter, pure Doppler or Lorentzian lines are used in order to minimize computational eMort. The correction of the theoretical line shapes by the so-called chi-factors
[20–22] is supported for CO2 . For this species, line-coupling eMects can be considered [23] either
by the Rosenkranz approximation [24] or by direct diagonalization, not only for Q-branches but also
for P and R branches. Line-coupling eMects of other species will be included in a future version.
Tabulated pressure and temperature-dependent absorption cross-section spectra of molecules for
which no line data are available are interpolated to the actual pressures and temperatures, and resampled in frequency. As an alternative, the so-called pseudolines of these species can be handled in a
quasi line-by-line mode, as proposed by G. Toon (private communication). Continua of H2 O, CO2 ,
N2 , and O2 are included [25,26]. Furthermore, aerosol continuum emission and extinction can be calculated on the basis of empirical extinction coeScients or on the basis of absorption and extinction
cross section as well as phase function spectra generated by a Mie model which is nested with the
radiative transfer model. The most recent version also supports a single scattering source function
to model the scattering of radiation into the line of sight [27]. KOPRA uses an optimized irregular
altitude dependent frequency grid for calculation of absorption cross sections and integration of the
radiative transfer equation [28]. Spectroscopic transitions which do not contribute substantially to the
overall signal are rejected automatically, where the threshold is driven by a user-de=ned accuracy
parameter. Non-local thermodynamic equilibrium (non-LTE) is taken into account.
The integration of the radiative transfer equation follows a Curtis–Godson approach [9–12].
Since Curtis–Godson mean values are species dependent, while the value of the Planck function
is temperature- and wavenumber but not species-dependent, there are several options to calculate the
temperature relevant for the source function. Either Curtis–Godson mean values for air, for a certain
target species, or an average over the Curtis–Godson mean values of all species, weighted by their
individual absorption cross sections can be used. For calculation of the source function in non-LTE
applications the latter approach is mandatory.
KOPRA has both internal ILS models and an interface to read pretabulated ILS functions for
convolution of the monochromatic spectra and resampling on a user-speci=ed output grid. Furthermore, the numerical radiance integration of the vertical =eld over an altitude-dependent sensitivity
function (=eld of view function) is supported in the observation angle space rather than tangent
altitude space. Here and at other instances KOPRA provides some optimization for calculation of
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limb sequences of spectra in a sense that intermediate results which are needed for calculation of
spectra of diMerent elevation angles are calculated only once.
3.2. The Reference Forward Model (RFM)
The Reference Forward Model (RFM) is a line-by-line radiative transfer model originally developed from GENLN2 [29] to provide reference spectral calculations for MIPAS. It has subsequently
been developed into a general purpose radiative transfer model supporting a wide variety of applications.
The representation of the atmosphere is user-de=ned but can also be set for automatic sub-layering,
where the maximum width of each layer is determined by a limit on the variation in pressurebroadened line width or temperature variation. A two-dimensional option is also available, representing the atmosphere by a series of pro=les in the vertical viewing plane with the horizontal coordinate
de=ned by the angle subtended at the Earth centre.
Ray paths through the atmosphere can be de=ned in terms of elevation angle, geometric or refracted
tangent altitudes. The RFM assumes a constant radius of curvature for each path calculation, i.e.
a local spherical symmetry. The ray tracing uses diMerent algorithms according to whether a one
or two-dimensional atmosphere is used. For one dimension, the FASCODE [30] algorithm is used
with altitude as the integrated coordinate and a transformation to avoid the singularity near the
tangent point. For two dimensions, a fourth-order Runge–Kutta integration scheme is used to integrate
altitude, zenith angle and Earth-centre angle. In both cases, absorber and Curtis–Godson pressures
and temperatures are integrated along the ray path. Where segments of diMerent ray paths have
similar Curtis–Godson pressures and temperatures the default option is to perform only a single
spectral calculation and scale the absorption coeScient by the absorber amount. The refractive index
is calculated using a version of Edlen’s formula [8].
Spectral calculations can be performed using HITRAN [31] line data, HITRAN cross-section data
(tabulated for arbitrary pressure and temperature coordinates), or look-up tables compressed by singular value decomposition (SVD) [32,33] employed for the MIPAS operational processing. For line
data, the calculation uses a two-pass system with an initial coarse grid (0:5 cm−1 ) calculation for
the interpolation of line wings up to 25 cm−1 from line centre, followed by a =ne mesh (typically
0:0005 cm−1 ) for modelling lines within 1–2 cm−1 from line centre. Total internal partition sums and
molecular cross-section data are those associated with the HITRAN-96 release, although modi=ed
for HNO3 . Line shapes are calculated using a modi=ed version of the Humlicek algorithm [34]. For
cross-section data a triangulation is used to directly interpolate the associated pressure temperature
grid, thus avoiding any intermediate interpolation to resample the pressure and temperature coordinates into a uniform spacing. Both line-coupling and non-LTE are supported by the RFM, and also
continua for H2 O, CO2 , O2 and N2 .
The radiative transfer can either be performed on the =ne grid (0:0005 cm−1 ) or on a user-speci=ed
irregular grid. The Curtis–Godson temperature (weighted for each absorber by its absorption) de=nes
the Planck function within each layer but there is also an option to describe the Planck function in
terms of a variation with optical depth (“linear-in-tau”) [35], which better represents emission from
layers of high opacity.
FOV and ILS convolutions are performed internally using externally supplied functions. The FOV
convolution is performed in tangent-pointing space, and the ILS convolution in spectral space.
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3.3. Modular Infrared Atmospheric Radiative Transfer (MIRART)
The Modular Infrared Atmospheric Radiative Transfer (MIRART) [15] software has been designed
for a variety of applications, arbitrary observation geometries, instrumental =elds of view (FOV) and
line shapes (ILS). Emphasis has been put on eScient and reliable numerical algorithms and a modular
approach appropriate for forward simulations and retrieval applications [36].
For the calculation of the Voigt function, MIRART uses an optimized combination of the Humlicek
[19] and Hui–Armstrong–Wray [37] complex error function algorithm [38] and switches to pure
Lorentzian line shape in the far wings; a further optimization similar in spirit to the work of Kuntz
[18] exploits the equidistant wavenumber grid. The wavenumber grid is chosen individually for each
altitude level and molecule. Furthermore, a coarse grid is used for contributions of lines outside the
spectral region of interest, whereas contributions near the line centre are calculated on a =ne spectral
grid. Further line shapes supported are Lorentz or Van Vleck–Huber convolved with Doppler.
Line parameters from the HITRAN [31], HiTemp [39], SAO [40], GEISA [41] or JPL [42]
spectroscopic data bases can be used in MIRART. The line strength conversion from the reference
temperature used in the database to the atmospheric temperature follows the scheme used in the
ATMOS software [43].
In addition to the line contributions, continua are implemented for water (Clough–Kneizys–Davis
(CKD) continuum, Version 2.2), carbon dioxide, oxygen, and nitrogen [25,26]. Alternatively the
Liebe dry air continuum [44] or an empirical continuum for the far infrared provided by K. Chance
(private comm., 1996) can be used.
The solution of the radiative transfer equation (1) and Beer’s law (2) requires the integration of
spatially varying quantities, which are given only for a set of discrete altitude points along the line
of sight. These integrals are—in contrast to the Curtis–Godson approach—calculated using standard
numerical quadrature schemes. Thus, in contrast to the other codes discussed here, absorption cross
sections, absorption coeScients, etc. are calculated for pressure p(zn ) and temperature T (zn ) at
altitude levels zn rather than for pCG; g and TCG; g of layers [zn ; zn+1 ]. Path-dependent quantities entering
Eqs. (1) and (2) are obtained from altitude-dependent quantities by simple geometric mapping from z
to l. MIRART has implemented a trapezoid quadrature scheme, the method of overlapping parabolas,
and a piecewise cubic Hermite quadrature [45]. These quadrature rules work for arbitrarily spaced
(i.e. not necessarily equidistant) abscissas.
MIRART oMers the choice of =eld-of-view convolution either in the tangent altitude space or
in the elevation angle space using Gaussian quadrature rules appropriate for the chosen sensitivity
function.
3.4. The Optimized Forward Model (OFM)
The Optimized Forward Model has been developed for application in the operational near-real-time
processing of MIPAS spectra [16]. This implies that major eMort has been spent for minimization of
computational requirements. In particular, the sequence of operations has been organized so that unnecessary repeated calculations are avoided and the available random access memory of the computer
is fully exploited.
In a =rst step, the line of sight is determined taking into account the refraction and assuming a
locally spherical Earth shape.
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The atmosphere is then layered assuming horizontal homogeneity. The boundaries of the layers are automatically set such that the variation across the layers of both temperature and the Voigt
half-widths of a reference line are below pre-de=ned thresholds. For each layer, Curtis–Godson representative pressure and temperature are determined. Curtis–Godson quantities are calculated explicitly
only for all path segments related to the lowest limb view and the tangent layers of the other limb
views, while they are derived by the secant law approximation for the other path segments. This is
a very eMective optimization as it dramatically reduces the number of diMerent pressure/temperature
pairs for which cross sections are to be calculated.
The absorption cross sections can either be calculated line by line, using a pre-selected spectroscopic database and fast Voigt pro=le computation [46], or be read from pre-computed look-up
tables [33], which were generated by means of the RFM. Since the consistency of the two approaches
was demonstrated during the implementation phase [16], in this study only the LBL mode of the
OFM was assessed. In the line-by-line calculation of the cross sections, line-mixing, pressure-shift,
self-broadening, and non-local thermodynamic equilibrium (NLTE) are neglected.
Finally, the radiative transfer integral is computed as a summation of the contributions of a set
of discrete layers. In this computation the symmetry of the line-of-sight about the tangent point
is exploited. The radiative transfer is computed for a minimal and optimized set of frequencies
(irregular grid) allowing a satisfactory reconstruction (by interpolation) of the full high-resolution
atmospheric spectrum that is usually represented on a =ne (typically 0:0005 cm−1 ) frequency grid.
The reconstruction of the full high-resolution spectrum and the convolution by the instrument line
shape are done in a single optimized step to save computing time. The ILS function is an input of
the program and can be optionally apodized [47].
Using the above procedure, AILS convolved spectra are simulated for a set of tangent altitudes that
includes the tangent altitudes of the measured spectra and some additional altitudes necessary for an
accurate FOV convolution. The spread of the FOV in the altitude domain is constructed with linear
interpolation from a tabulated function. The FOV pattern is assumed to be constant with the scan angle. The eMect of =eld of view is then taken into account by performing, for each spectral frequency,
the convolution between the tangent altitude-dependent spectrum and the FOV pattern. The variability of the spectrum as a function of tangent altitude is determined by interpolating a polynomial
through the spectra simulated at contiguous tangent altitudes in the range of the FOV pattern.
3.5. The Extended IROE Model (IROE1)
The Extended IROE Model (IROE1) is based on the OFM but includes several improvements.
Pressure-shift, and self-broadening have been included in the model, while local thermodynamic
equilibrium is still assumed. Furthermore, an additional option was implemented in the IROE1
model allowing the inclusion of HITRAN pre-tabulated absorption cross sections of heavy molecules.
Line-mixing has been included in a later version. Thus, the line-mixing option of the IROE1 code
has not been assessed in this study.
3.6. The Two-Dimensional Forward Model (FM2D)
The RAL forward model, FM2D, is a line-by-line code that allows modelling of the atmosphere
in two dimensions with the =eld expressed as a two-dimensional, vertical and horizontal section.
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Operation in a one-dimensional mode, where the atmosphere is assumed to be spherically symmetric
and so may be represented by a single vertical pro=le, is also possible. Originally, designed for
microwave wavelengths [48], it has been extended in scope, particularly by inclusion of appropriate
continuum formulations, such as that by Clough et al. [25], to allow mid-infrared radiative transfer
calculations to be carried out. The model allows application of an instrument function, in terms of
basic parameters such as spectral response and =eld of view, and performs direct, analytic calculation
of “weighting functions” (rows of the Jacobian matrix of the forward model radiances with respect
to retrieval parameters) for atmospheric parameters.
FM2D has two main parts, an initialization module and a radiative transfer module. The former
deals with the all input parameters including atmospheric model de=nition, line shape and spectral
grid selection, and instrument characteristics, such as spectral response and =eld of view. To carry
the radiative transfer quadrature, a set of computational grid points in the horizontal and vertical
are de=ned. The module calculates the weights for the interpolation from the points at which atmospheric =elds are speci=ed to the computational grid, and also determines the basis functions for the
derivatives of the =eld on the computational grid with respect to perturbation at the points at which
input data is speci=ed. This approach allows rapid repeated determination of line-of-sight integrals
and weighting functions.
The radiative transfer module calculates radiances and their derivatives with respect to the atmospheric state for the required number of pencil-beam views. The ray-tracing scheme includes
refraction which may be modelled in a rigorous two-dimensional manner or, alternatively, by assuming horizontal symmetry about the geometric tangent point, which makes the calculation much more
rapid and is adequate for many scenarios. The calculation of absorption coeScients follows from
evaluation of spectral line and continua contributions; the Voigt line shape calculation used is the
Wells [34] version of the modi=ed Humlicek algorithm, which also is used by the RFM. Therefore,
any pure LBL calculation with Voigt line shapes for a homogeneous path with these two models
ought to agree.
To restrict computational memory requirements, monochromatic spectra are convolved with spectrometer response functions for each view, and only the convolved radiances and weighting functions
are stored. Once these spectrometer-convolved values have been computed for all pencil-beams, they
are convolved with the instrument =eld of view function before being output.
4. The intercomparison experiment
In order to detect forward model de=ciencies, a cross comparison exercise was carried out to
mutually validate radiative transfer codes. The idea of the setup of the intercomparison exercise
was to start from simple settings proving the basic functionalities of the radiative transfer codes,
and then to proceed to more complex and realistic scenarios. In order to avoid any masking of
diMerences in the basic functionalities of the codes by additional sophistication introduced by realistic atmospheric simulations, the =rst set of tests refers to cell transmittance calculations (Table 1).
In a second step, atmospheric limb emission spectra have been intercompared (Table 2). The pro=les of atmospheric state parameters used are shown in Figs. 1 and 2. Unless explicitly mentioned,
the HITRAN-98 spectroscopic database, which is an update of Ref. [31], was used. For CFC-12,
cross-section data measured by Varanasi [49] and subsequent updates were used. Furthermore,
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Table 1
Cell transmittance test cases
Test
Id.

Spectral
region
(cm−1 )

Cell
length
(m)

1
2
3
4
5
6
7
8
9
10

1270.0 –1280.0
1274.2–1275.0
1274.2–1275.0
1274.2–1275.0
1274.2–1275.0
1274.2–1275.0
1270.0 –1280.0
1274.2–1275.0
1274.2–1275.0
1830.0 –1840.0

5.0
5.0
20
20
20
20
5
5
20
50.0

11
12
13
14
15
16
17

2390.0 –2500.0
2390.0 –2500.0
715.0 –725.0
715.0 –725.0
738.0 –744.0
738.0 –744.0
1600.0 –1610.0

106
106
50.0
50.0
500.0
1000.0
100.0

Species

a

N2 O
N 2 Oa
N 2 Oa
N 2 Oa
N 2 Oa
N 2 Oa
N 2 Oa
N 2 Oa
N 2 Oa
NO
N2 O
O3
CO2
CO2
CO2
CO2
CO2
CO2
H2 O

VMR

p

T

(ppmv)

(hPa)

(K)

100
100
100
100
100
100
100
100
100
5 × 102
5 × 105
1 × 105
355
355
355
355
355
355
1000

1013.25
20.0
2.0
2.0
2.0
2.0
1013.25
20.0
2.0
20.0
250
250
250
50
250
50
250

Continua

Chi
factor

Line
mixing

ILS

296
296
296
296
296
296
250
250
250
250

—
—
—
—
—
—
—
—
—
—

—
—
—
—
—
—
—
—
—
—

—
—
—
—
—
—
—
—
—
—

—
—
—
Yesb
Yesc
Yesd
—
—
—
—

296
250
250
250
250
250
250

—
—
—
—
—
—
Yes

Yes
Yes
Yese
Yese
Yese
Yese
—

—
—
Yes
Yes
Yes
Yes
—

—
—
—
—
—
—
—

a

Only one transition at 1274:6166 cm−1 to be considered.
Unapodized instrument line shape.
c
Apodized instrument line shape.
d
Apodized simpli=ed (pretabulated) instrument line shape.
e
Chi-factor may not be active in this microwindow under consideration of line mixing.
b

vibrational temperatures [50], pretabulated MIPAS-FOV and AILS were provided to the participants
to be used where appropriate.
4.1. Line intensities and evaluation of spectral line shape
First, the calculation of line intensities and the evaluation of spectral line shapes have been assessed for various pressures and temperatures. Three diMerent pressures were chosen, corresponding
to dominating pressure broadening, to dominating Doppler broadening, and to balanced pressure and
Doppler broadening, respectively. Calculations were carried out for the HITRAN reference temperature of 296 K as well as for 250 K which is more realistic for stratospheric conditions. In order to
better detect diMerences between the modelling approaches, single transition monochromatic transmittance spectra have been intercompared, i.e. spectra which have not been convolved by any instrument
line shape function (tests 1–3 and 7–9).
In test 2, which serves as an example for illustration, and throughout all cell transmittance calculations, the RFM and FM2D results agree extraordinarily well (Fig. 3). This is explained by the
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Table 2
Atmospheric radiance test cases
Test
Id.

Spectral
region
(cm−1 )

18a

1215.0 –1217.0

15

19b

1215.0 –1217.0

15

20

1215.0 –1217.0

40

21

1215.0 –1217.0

15

22
23
24
25
26

790.0 –794.0
790.0 –794.0
920.0 –940.0
920.0 –940.0
1600.0 –1610.0

15
15
15
15
10

27
28
29
30

675.5 – 676.5
675.5 – 676.5
967.0 –968.0
967.0 –968.0

100
100
100
100

a
b

Tangent
altitude
(km)

Species
considered

FOV

ILS

Continua

Line
mixing

Non
LTE

H2 O; CO2 ; O3
N2 O; CH4
H2 O; CO2 ; O3
N2 O; CH4
H2 O; CO2 ; O3
N2 O; CH4
H2 O; CO2 ; O3
N2 O; CH4
CO2 ; O3
CO2 ; O3
CO2 ; O3 , CFC-12
CO2 ; O3 , CFC-12
H2 O; N2 O; CH4
O2 ; NO2
CO2 ; O3
CO2 ; O3
CO2 ; O3
CO2 ; O3

—

—

Yes

—

—

—

—

Yes

—

—

Yes

Yes

Yes

—

—

Yes

Yes

Yes

—

—

—
Yes
—
Yes
Yes

—
Yes
—
Yes
Yes

—
—
—
—
Yes

Yes
Yes
Yes
Yes
—

—
—
—
—
—

Yes
Yes
Yes
Yes

Yes
Yes
Yes
Yes

Yes
Yes
Yes
Yes

—
—
—
—

—
Yes
—
Yes
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fact that both FM2D and RFM use the same modi=ed Humlicek algorithm by Wells [34]. The KOPRA relies on a Humlicek implementation by Kuntz [18]; diMerences between the original Humlicek
and the Kuntz implementation are below 2 × 10−6 ; RFM-KOPRA FM2D-KOPRA diMerences are
explained by the use of diMerent Humlicek implementations, which switch between accuracy-driving
Humlicek regions at slightly diMerent distances from the line centre. However, since these diMerences
are very small, they are not of signi=cance.
The OFM uses the original Humlicek algorithm [19] but switches to pure Lorentzian line shape
quite close to the line centre; the major part of diMerences is attributed to the fact that the OFM
calculates the Voigt function only in some spectral grid points and uses linear interpolation in
between.
MIRART uses yet another Voigt implementation, utilizing the Hui et al. approach [37] near the
line centre, Lorentzian line shape in the far wings, and Humlicek [19] in between. The structure in
the diMerence plot is explained by the fact that for this case MIRART calculates only three data
points by means of Humlicek region 1, and switches to Lorentzian shape quite soon. By application
of the Voigt instead of Lorentzian line shape within a wider spectral interval around the line center,
this discrepancy could be removed. The accuracy of the Humlicek 1982 algorithm is about 10−4 ,
the accuracy of the Hui algorithm is about 10−5 to 10−6 . Thus, the use of diMerent Voigt algorithms
can explain the observed diMerences, i.e., all diMerences are in the order of size or smaller than the
accuracy speci=cation of the original Humlicek algorithm.
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Fig. 1. Pressure and temperature pro=les used for test cases 18–30.

Comparison of spectra calculated for 296 K and those calculated for 250 K gives no hint of
any particular problem with temperature dependence of line intensities, except for MIRART, which
reveals a factor of two larger diMerences than for the 296 K case. There seems to be a component
in the diMerences which is caused by the temperature-dependent line intensity. MIRART uses the
scheme as proposed by Norton and Rinsland [43], while all the other codes use the Gamache [31]
total internal partition sum parametrization.
In summary, it can be concluded from test cases 1–3 and 7–9 that the calculation of line strengths
and the evaluation of the line shapes is performed by each code within the individual accuracy
speci=cation.
4.2. Instrument line shape
In a next step, monochromatic spectra were convolved by an instrument line shape (Tests 4 – 6).
While some codes include tools to provide instrument line shapes for dedicated instrument speci=cations (e.g. KOPRA [51]), this intercomparison focuses on the case of a pretabulated instrument
line shape (Test 6), which was an “ideal” Fourier transform spectrometer line shape related to 20
cm optical path diMerence plus Norton–Beer “strong” apodization [47]. All the diMerences in the
calculated spectra are very small (below 0.2%) and probably not signi=cant for real data analysis. A
small oMset of −0:4×10−6 between the RFM and KOPRA is attributed to renormalization of the ILS
by the RFM. Much of the structure in the RFM–KOPRA diMerence is simply due to the numerical
precision of the output, and disappears when the RFM output is written with double precision. In
summary, there is no evidence of any substantial ILS-convolution problem in any of the codes.
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4.3. Line rejection criteria
In theory every transition contributes to the signal at every frequency grid point. Since consideration of all transitions obviously is not practicable, each model applies a line wing truncation or line
rejection criterion, which is driven by the optimal trade-oM between computational eSciency and
accuracy. DiMerent choice or implementation of such criteria leads to remarkably diMerent results in
test cases 10 and 11.
In test case 10 (Fig. 4), both RFM and FM2D diMerence spectra reveal smaller continuum-type
background extinctions than KOPRA spectra. RFM and FM2D use a±25 cm−1 line rejection criterion
around each 1 cm−1 sub-interval; KOPRA, OFM, and IROE1 use a±25 cm−1 line rejection criterium
around the microwindow boundaries, i.e. use more transitions outside the microwindow, which explains larger background absorption. MIRART uses a±10 cm−1 line rejection criterion around the
microwindow boundaries by default, except for H2 O-lines, where this value is set to 25 cm−1 in
order to comply with the water vapour continuum implementation. Although it might be expected
that the various truncation limits would lead to continuum-like diMerence spectra, the non-linearity
of radiative transfer means that the diMerence spectra also exhibit some line structure.
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show diMerence spectra with respect to KOPRA. DiMerences between the spectra are so small that they are not resolved
in the uppermost panel, which indeed includes all =ve spectra under investigation.
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Fig. 5. Transmittance diMerence between RFM (dotted line) and KOPRA (solid line) in the 4:3 m-region. DiMerences
are attributed to diMerent line rejection criteria. The test scenario is as for test case 11 except that no chi-factor has been
applied.

A prominent example, which shows what impact diMerent line rejection criteria can have on
spectral calculations, is the 4.3-m region of CO2 (Fig. 5). While these spectra have not been
calculated as a test case in themselves but as a reference for test case 11 (without application of the
chi-factors discussed in Section 4.5), the dramatic eMect of diMerent line rejection criteria between
KOPRA and RFM is clearly evident. These diMerences disappear when RFM considers a pretabulated
CO2 -continuum that accounts for the otherwise neglected extreme line wings.
4.4. Self broadening
Large OFM–KOPRA and MIRART–KOPRA diMerences in test case 10 (Fig. 4) are explained by
the fact that neither the OFM code nor MIRART consider self-broadened half-widths; the half-widths
of all the lines are calculated using only the air-broadened half-width parameter. This approximation
should not turn out to be too coarse in real atmospheres, but makes a substantial diMerence in
high-resolution cell transmittance calculations.
In contrast, the IROE1 code includes the “correct” calculation of self-broadening, and its results
agree much better with the other codes than the OFM code does. The residual diMerence is caused by
interpolation eMects as explained under test cases 1–3. These eMects add up in case of multi-transition
calculations.
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4.5. Chi-factor implementation
The impact of time dependence of collisions on the line shape is usually considered by empirical
correction functions, the so-called chi-factors, which account for the observed sub-Lorentzian behaviour. All chi-factor implementations under assessment in this study rely on Refs. [20–22]. In test
case 11 the chi-factor implementation is analysed for the 4:3 m CO2 band at 296 K (Fig. 6). Large
diMerences between KOPRA and RFM spectra are caused by diMerent line rejection criteria rather
than diMerent chi-factor implementation (cf. Section 4.3 and Fig. 5). OFM uses the same line rejection criteria as KOPRA; thus the diMerences are signi=cantly smaller. There is some continuum-type
diMerence which could be related to a chi-factor related issue. These diMerences, however, are less
than a tenth of a percent of the chi-factor eMect itself. FM2D does not include any chi-factors, which
explains the diMerence and reveals the importance of the chi-factor in this wavenumber region.
Assessment of test case 12, which is identical to case 11 except that the temperature is 250 K,
gives no evidence of any problems related to the temperature dependence of the chi-factor.
In summary, there is no evidence of major chi-factor related problems in any of the models. The
large spectral diMerences found could be attributed to diMerent line rejection criteria.
4.6. Line coupling
The line coupling characteristics of the forward model was assessed for –- and for –-type
bands. Tests 13 and 14 assess the – CO2 Q-branch near 720 cm−1 , whereas tests 15 and 16 cover
the –-type CO2 Q-branch near 741 cm−1 . Test cases 22 and 23 are the related atmospheric limb
emission scenarios. The RFM uses the Rosenkranz approximation [24] as described in Ref. [52],
while KOPRA supports the direct diagonalization approach, which is considered more accurate in
particular for high pressures. Fig. 7 shows the results of test case 13, which is the 720 cm−1 Q-branch
at 250 hPa. Comparison of net eMects of line mixing in RFM and KOPRA spectra proves that
the diMerent treatment of line mixing is fully responsible for the diMerences between RFM and
KOPRA spectra. Furthermore, by selecting the Rosenkranz approximation in KOPRA, the diMerences
disappeared. At 50 hPa, the diMerences between RFM and KOPRA are a factor of 100 smaller than
for the high-pressure test case 13. This is due to the fact that the KOPRA code switches automatically
to the Rosenkranz approximation for lower pressures, since this algorithm then approximates the line
coupling eMect quite accurately. If the KOPRA code is forced to apply direct diagonalization also
for low pressures, diMerences increase by a factor of three.
The OFM and FM2D codes do not consider line mixing at all. This explains the diMerences and
shows the signi=cance of line mixing for the given conditions. As expected, residuals are much
lower (a factor of six) in the low-pressure case than in the high-pressure one.
The same explanations apply to test cases 15 and 16 (W–-type CO2 Q-branch at 250 and 50 hPa,
respectively). Application of the codes to atmospheric conditions (test case 22, 792 cm−1 CO2
Q-branch) leads to deviations between RFM and KOPRA spectra of 0.6% at the band head, while
the net eMect of line mixing is 10%. Test case 23, which is identical to case 22 except that the
MIPAS instrument line shape as well as the =eld of view are considered, proves that the eMect of
line mixing clearly exceeds the MIPAS noise level (up to a factor of 10). Compared to test case
22, the diMerences between KOPRA and RFM are increased and are now in the order of size of
the noise level. The dominating reasons for these discrepancies, however, are not the diMerent line
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Fig. 6. Chi-factor (test case 11). The uppermost panel shows the transmittance spectra, whereas the other panels show
diMerence spectra with respect to KOPRA.
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mixing implementations, but the diMerent line wing cut-oM criteria, as well as diMerent numerical
treatments of the integration of the radiance =eld over the non-in=nitesimal instrument =eld of view.
Even for these test cases for realistic conditions the neglect of line coupling in FM2D and OFM
remains the driving source of the diMerences when compared to KOPRA or RFM. These diMerences
exceed the MIPAS noise level by far and reach 350 –400 nW=(cm2 sr cm−1 ).
Another phenomenon of collision-induced perturbation of energy levels is pressure shift, which
was found to be important, too. This feature is included in all codes except OFM. No pressure
shift-related residuals were found in the spectra which have been calculated under consideration of
pressure shift, except for atmospheric calculations where diMerent treatment of atmospheric refraction
in one of the codes caused diMerent eMective pressure (test case 18).
4.7. Water vapour continuum
Test cases 17 and 26, where the water vapour continuum was assessed, have been intentionally
chosen to be identical to the “Intercomparison of Transmittance and Radiance Algorithms” (ITRA) in
the late 1980s [4], in order to allow further comparison. RFM and FM2D spectra agree extraordinarily
well (Fig. 8); this is attributed to the fact that the basic theory and methodology for modelling far
line wings/continuum are the same in both these codes. While the practical implementation and
coding are diMerent, both codes use the Wells’ version of the Voigt routine [34].
The diMerent line rejection criterion (cf. test case 10) does not hold here as an explanation for
diMerences between RFM–KOPRA and FM2D–KOPRA, because in the case of activated continuaparametrizations, KOPRA also uses the grid point related rejection criterion at 25 cm−1 in order to
be consistent with the continuum speci=cation. The following versions of CKD continua have been
used: KOPRA: CKD 2.4; RFM: CKD 2.1; MIRART: CKD 2.2; OFM: CKD 2.1.; FM2D: CKD 2.1.
The use of the CKD 2.4 water vapour continuum in the IROE1 code results in improved consistency
with the other codes. The remaining discrepancies are attributed to line shape eMects as discussed
in test cases 1 and 2.
Compared to the ITRA exercise, where dramatic diMerences in calculated radiance spectra were
caused by diMerent—or missing—water vapour continuum implementations there is excellent agreement between all codes now.
4.8. Treatment of inhomogeneous atmosphere
While the overall agreement of radiance spectra calculated typically was good, the numerical
treatment of the inhomogeneous atmosphere proved to deserve major attention (test cases 18–21).
The choice of the altitude grid on which the integration of the radiative transfer equation is performed,
as well as the interpolation rule of volume mixing ratios with altitude (linear versus logarithmic)
has a visible impact on the radiance spectra which can cause diMerences of about 2% in some cases.
There was no evidence for spectral diMerences due to diMerent modelling of atmospheric refraction,
except for MIRART which did not consider refraction in its version used for this intercomparison
experiment. Even at 15 km tangent height, however, the diMerence is negligible, since in this test
the geometry has been speci=ed in terms of tangent height rather than elevation angle.
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Fig. 8. Water vapour continuum (test case 26). The uppermost panel are radiance spectra (KOPRA: solid; RFM: dotted;
OFM: dashed; IROE1: long dash; FM2D: dashed–dotted (overlaid with RFM); MIRART: dashed doubledotted). The other
panels show diMerence spectra with respect to KOPRA.

T. von Clarmann et al. / Journal of Quantitative Spectroscopy & Radiative Transfer 78 (2003) 381 – 407

401

4.9. Field of view convolution
The numerical integration of the calculated radiance over the non-in=nitesimal =eld of view of
the MIPAS instrument is handled in a diMerent manner in the codes under investigation. DiMerences refer to both the number of pencil beams used for the numerical integration as well as
to the interpolation rules applied to the values of the =eld of view function and the radiance
=eld.
KOPRA and RFM spectra agree well, both in magnitude and shape (Fig. 9); also the shape of
residual patterns with OFM and FM2D agree well. The number of pencil beams used for convolution
of the radiance =eld with the =eld of view function is of particular importance. KOPRA uses 17,
which may be too many for quasi-operational use. RFM uses 14 points. FM2D uses 10 pencil beams,
while the OFM uses 3 pencil beams only; this should explain the observed diMerences. MIRART
used 12 pencil beams selected at speci=c tangent heights to avoid interpolation of the pencil beam
radiances in the tangent altitude.
Some diMerences are explained by the fact that the FM2D assumes linear variation with elevation
in the product =eld-of-view response times pencil beam radiance, while RFM assumes linear variation
in both these quantities, and thus quadratic variation of the product. As expected, these diMerences
become smaller, when more pencil beams are used in FM2D. The OFM assumes linear variation of
the =eld-of-view function, while the pencil beam radiance variation with altitude is described by a
polynomial of degree equal to the number of pencil beams minus one.
All diMerence spectra are correlated/anticorrelated to the radiance spectrum; this =rst suggests that
diMerences resulting from diMerent weighting of the pencil beams in their numerical convolution
with the =eld of view would be responsible for the diMerences. This, however, could be ruled out
for the comparison with RFM spectra by comparing in=nitesimal =eld-of-view spectra (pencil beam
calculations): These diMerences are of the same order of magnitude as the =eld of view convolved
spectra diMerences. Instead, the diMerences in =eld of view convolved spectra are attributed to the
diMerent continuum levels.
For OFM and FM2D spectra without =eld of view the diMerences are reduced by a factor of 3
and 4, respectively. That means that the largest part of the diMerences in the test with =eld of view
is due to =eld of view convolution.
A particular problem with the tabulated =eld of view used here should be mentioned in conclusion:
The ESA-supplied functions are not always tabulated down to zero response, since the =eld-of-view
measurements distributed by ESA did not always cover the entire =eld of view. DiMerent codes handle
this problem in a diMerent manner. The FM2D code sharply cuts oM the =eld-of-view function to
zero after the last tabulated data point. The RFM sets zero points one =eld-of-view grid point space
away from the last point. Also the OFM extrapolates the =eld of view sensitivity smoothly down
to zero. Meanwhile the MIPAS =eld-of-view as measured has been attributed to a non-appropriate
measurement setup and thus has been withdrawn.
4.10. Absorption cross sections of heavy molecules
The spectral features of heavy molecules are not calculated in a line-by-line mode but by interpolation of cross section spectra measured at diMerent pressures and temperatures. In test cases
24 and 25 the CFC-12 band system near 920 cm−1 has been chosen to assess the cross-section
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Fig. 9. FOV-convolved radiance spectra (test case 20). The uppermost panel shows the spectra for all codes (not distinguishable from each other), whereas the other panels show diMerence spectra with respect to KOPRA.
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interpolation. Laboratory measurements of these cross sections have been provided by Varanasi.
These are an extension to the data set described in Ref. [49].
Most pronounced residuals between RFM and KOPRA spectra are in the high wavenumber slopes
of the Q-branches (Fig. 10). These are explained by diMerent interpolation approaches of absorption
cross sections in pressure and temperature. These diMerences are even ampli=ed when the instrument
=eld of view is considered. DiMerences between the IROE1 and KOPRA spectra are smaller.
4.11. Non-local thermodynamic equilibrium
The purpose of test cases 27–30 was assessment of non-local thermodynamic equilibrium (non-LTE)
modelling on the basis of precalculated vibrational temperatures. While the microwindow used in test
cases 27 and 28 actually lies outside the MIPAS band, the spectral intervals used here have been
chosen to allow comparison to a joint activity of the International Radiation Commission (IRC),
where further radiative transfer models were investigated for non-LTE conditions [53]. The only
codes under investigation here, which support non-LTE, are RFM and KOPRA. As already found
during the IRC activities, there is no evidence of non-LTE related discrepancies in radiative transfer
modelling between RFM and KOPRA.

5. Conclusion
The intercomparison experiment was quite enlightening for all participants. The overall interconsistency of spectra is good, except for test cases where functionalities were required which were
beyond the speci=cation of some of the codes, e.g. line coupling, non-local thermodynamic equilibrium, etc. Some diMerences in details are caused by diMerent implementations of the Voigt line
shape and related approximations. DiMerent approaches to calculate the line intensity as a function of
temperature lead to noticeably diMerent spectra. Consideration of atmospheric refraction, line mixing,
pressure shift, self-broadening and non-local thermodynamic equilibrium turned out to be important
in some cases. Considerable diMerences, however, were caused by diMerent settings of parameters
driving the numerical accuracy: the layering of the atmosphere used for integration of the radiative
transfer equation as well as the number of pencil beams used for the =eld of view convolution
seem to be of particular importance for reliable results. While all codes proved reliable within their
speci=cation, the trade-oM between accuracy and computational eSciency still is a major issue, since
input parameter settings which lead to more accurate results lead to extended computational eMort
which may in some cases not be tolerable for operational use. This is in particular true for the
integration of the radiance =eld over the instrument =eld of view.
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